Summary
A highly oxidation and corrosion resistant silicon and hafnium modified NiCoCrAlY coating has been developed to protect the external surfaces of advanced single crystal turbine airfoils. This significant technical advance was made possible in part through the use of the low pressure chamber plasma spray process in fabricating this type of coating alloy which has been very difficult to deposit using conventional electron beam physical vapor deposition methods. The addition of silicon and hafnium to the NiCoCrAlY coating improved its surface oxide scale (primarily alumina) adherence and also increased its capability to reform alumina (once the oxide had spalled) during cyclic exposure. These improvements increased the durability of this new coating by at least two-fold vis-a-vis baseline NiCoCrAlY on single crystal PWA 1480 alloy samples in cyclic burner rig tests.
Introduction
Advanced gas turbine engines operate with very high combustor exit temperatures to achieve maximum engine performance and efficiency. In addition, the coating showed greater capability to reform alumina, once the oxide had spalled, suggesting that the activity of aluminum at a given aluminum concentration was significantly higher in this coating compared to that in other coatings.
Based on these favorable results, NiCoCrAlY+Si+Hf was chosen for further optimization to define the optimum silicon and hafnium concentrations. Additional cyclic burner rig tests were conducted on more than ten coating compositions having various hafnium and silicon amounts at peak temperatures of 1149°C (2lOO'F) and 1205°C (2200°F).
The tests revealed that the ratio of hafnium to silicon was a critical variable.
The data indicated that a hafnium-silicon ratio of 0.3 to 1.0 provided the best oxidation life for this coating system as illustrated in Figure 4 . NiCoCrAlY+Si+Hf coatings having similar hafnium-silicon levels also exhibit excellent hot corrosion resistance. Based on these results, the composition of the optimized coating was selected and is identified Table I . 22OO'F) . In all of these tests, the NiCoCrAlY+Si+Hf coating substantially outperformed the EB-PVD NiCoCrAlY specimens with improvements in oxidation life of 2.2X-3.4X observed. This is illustrated in Figure 5 where it can be seen that the cyclic oxidation resistance of the NiCoCrAlY+Si+Hf consistently exceeded the 2X goal at all temperatures. A two-fold improvement in high temperature durability corresponds to about a 40°C (75'F) metal temperature advantage. Based on this, the NiCoCrAlY+Si+Hf has a 44°C (82'F) to 68°C (127°F) temperature advantage over'EB-PVD NiCoCrAlY, the most oxidation resistant production coating.
To evaluate the hot corrosion resistance of the subject coating, burner rig cyclic hot corrosion tests were conducted at 899°C (1650°F). To create a hot corrosive environment, a 35ppm sea salt solution and 1.3 w/o S (as S02) were added to the combustion medium. Similar to the cyclic oxidation tests, the exposure cycle here was also 55 minutes a peak temperature (899°C) followed by five minutes of forced air cooling. As can be seen in Figure 6 , the NiCoCrAlY+Si+Hf coating exhibits superior hot corrosion resistance compared to that of the EB-PVD NiCoCrAlY. This improvement is believed to be associated with the presence of silicon in NiCoCrAlY+Si+Hf which is known to enhance hot corrosion resistance(7).
Thermal fatigue cracks in many advanced cooled turbine blades and vanes initiate at the surface of the coated components. Therefore, the ductility of the coating becomes a very important design criteria since it is generally believed that a coating with higher ductility (other properties being equal) will resist crack initiation for a longer period of time (more cycles) than a relatively less ductile coating.
To measure the ductility (the strain to the first observable crack in the coating) of the NiCoCrAlY+Si+Hf on the PWA 1480 alloy, interrupted tensile tests were conducted in the temperature range of room temperature to 538°C (1000'F). The procedure for this laboratory test is described elsewhere (8) . Figure  7 provides the test results and compares the NiCoCrAlY+Si+Hf ductility data with that of the baseline EB-PVD NiCoCrAlY and a widely used diffusion aluminide coating (PWA 73). As can be seen from this figure, the fracture strain of NiCoCrAlY+Si+Hf was observed to be slightly superior to vapor deposited NiCoCrAlY, the most ductile coating currently in production for aircraft gas turbines. Both of these overlay coatings however, have outstanding ductilities compared to the diffusion aluminide coating because they have relatively lower amounts of the brittle beta (NiAl) phase in their structure.
The slightly higher ductility of NiCoCrAlY+Si+Hf vis-a-vis EB-PVD NiCoCrAlY is associated with the use of the plasma spray process to produce the former coating.
This process has been shown to produce coating structures which are less prone to cracking than structures of similar compositions produced by the EB-PVD process(5). 
